Abstract: This study investigates the probabilistic risk of gear tooth flank micro-pitting in wind turbine (WT) gearboxes and shows how relatively slow rate of supervisory control and data acquisition (SCADA) data, recorded during operation, can be used to analyse the onset of gear surface damage. Field measured time series of SCADA signals, including wind speed, generator power and rotational speed, were used to obtain the statistical variation of gear shaft torque and rotational speed. From the SCADA data obtained over a 2.2 year period random number datasets of smaller sizes were selected. Based on these random number datasets the effect of gear shaft torque and rotational speed variations on the probabilistic risk of gear micro-pitting was investigated. Determinations of the gear tooth flank contact stress and lubricant film thickness were based on the technical report of gear micro-pitting, ISO/TR 15144-1 (2010) . The study has shown that the considered pinion gear is subjected to high load conditions resulting in high contact stresses. The variation of rotational speed causes greater sliding between the gear teeth. The results of specific lubricant film thicknesses have shown that there is considerable risk of gear micro-pitting under the operational conditions recorded from the SCADA field data.
Introduction
Reliability of wind turbines (WTs) has improved considerably in the past decades; however WT gearbox bearing and gear failures are still frequent, hindering the optimal operation of multi-megawatt WTs, increasing the cost of wind energy. Gear and bearing failures occur in all in-direct drive WT models and sizes suggesting systemic problems rather than solely manufacturing-related issues. During its service life, a WT is subjected to a wide array of highly fluctuating and dynamic loading conditions caused by the stochastic nature of wind condition because of turbulent wind fluctuations and subsequent turbine operational controls. For multi-megawatt WTs with variable speed control, these conditions make drive train loading conditions complex [1] , which can lead to critical damage and shortened service life of key gearbox components, such as bearings and gears [2, 3] .
Gear micro-pitting is a form of localised surface fatigue damage that occurs under rolling and sliding contact conditions when operating under elastohydrodynamic or boundary lubrication regimes. Micro-pitting damage is commonly observed in materials with a high surface hardness [4] . Compared with the size of the gear contact zone, the micro-pits are small and shallow with a size of about 5-10 µm long and 5-20 µm deep [5] . The occurrence of gear micro-pitting is influenced by many factors. Design and manufacturing factors are important, such as gear surface treatment, surface roughness, tooth profile modification and lubricant properties. However, operational factors, resulting from the variable load and speed conditions [6, 7] , cause high contact stress, high and negative tooth surface sliding, high surface temperature, insufficient lubrication or disrupted lubrication conditions [8] [9] [10] . These contribute significantly to the occurrence of gear micro-pitting. Gear flank micro-pitting is one of the failure modes commonly observed in multi-megawatt WT gearbox gears [11] [12] [13] [14] . Skriver [14] showed a number of examples of WT gear damage because of micro-pitting while Errichello [15] showed a typical profile deviation of a damaged tooth flank of WT high speed shaft (HSS) pinion. Current WT gearbox designs follow mainly deterministic design methodologies where computational simulations are utilised to model WT operational conditions to consider the specified load cases defined by the International Electrotechnical Commission standards IEC 61400-1 (2005) [16] and newly published standard IEC 61400-4:2012 (E) (2012) [17] . However, because of the lack of measured WT field operational data, real loading conditions of the WT gearbox are difficult to obtain for consideration at the design phase.
Research has explored the application of supervisory control and data acquisition (SCADA) data as a condition monitoring (CM) tool using various approaches. Kim et al. [18] used SCADA data for WT fault detection by developing algorithms and diagnostic technique. The ratio of HSS torque to HSS speed against power shows that there is an observed fault at lower power level. Feng et al. [19] analysed SCADA data using simple physics models combined with CM system signals to predict WT gearbox failures. Wilkinson et al. [20] used SCADA data for CM by developing a number of methods to detect the WT component failures. Zappalá et al. [21] used vibration signals for WT gearbox fault detection and diagnosis by developing a side-band algorithm. Zaher et al. [22] used SCADA data to detect WT gearbox faults using anomaly detection. Qiu et al. [23] detected pitch and converter system faults using time-sequence and probabilistic SCADA alarm analyses. Gray and Watson [24] also used SCADA signals to predict WT bearing failure using physics of failure approach. The comparison between artificial neural network, signal trending and physical model reveals that the physical model is the most accurate method in predicting imminent failure.
However, all these studies showed that SCADA signals had limited ability to detect the exact location and faulty components of the gearbox and their associated root causes. In addition SCADA signals could not be used to directly assess the performance of components for their intended function.
Furthermore, time series of SCADA signals only showed the relationships of generator power and generator speed to wind speed within the recorded period but did not present statistical characteristics of gearbox loading conditions for the design life of 20 years. SCADA signals have also been considered to have too slow data sampling rate to indicate the effect of fast changing WT load conditions. In a recent study, however, Milan, Matthias Wachter and Peinke [25] developed a new stochastic approach to model the power output of a wind farm at a sampling frequency of 1 Hz using only 10-min average values of wind speed and directions. Their results showed a good statistical agreement between the modelling and measured at sampling frequency of 1 Hz, including a proper reproduction of the intermittent and gusty features measured in the power curve.
Considering the importance of the stochastic nature of WT operation and unavailability of fast rate measurement of loading data to cover all seasonal effects, this study investigates probabilistic characteristics of the micro-pitting risk of an HSS pinion gear using SCADA data of 10-minute averaged values. The SCADA signals of wind speed, generator power output and rotational speed were collected from field operations of two WTs of variable speed, indirect drive and DFIG generator. These data were filtered to exclude data samples when wind speed was below WT cut-in speed or there was no generator power output. The filtered SCADA data was then used to derive probabilistic distributions of shaft torque and rotational speed of the gearbox HSS pinion gear.
To explore the potential of using the developed method for online monitoring of WT gear failures, 3000 random numbers of gear shaft torque and rotational speed were selected randomly from the filtered SCADA data. The statistical differences between the filtered SCADA data and the random number datasets were compared. Based on the Technical Report of Gear Micro-pitting, ISO/TR 15144-1 (2010) [4] and International Standards of Gears, ISO 6336-1 (2006) [26] and ISO 6336-2 (2006) [27] , the calculation of contact stress and lubricant film thickness was performed at different locations of the tooth flank along the gear line of action. The effects of the shaft torque and rotational speed variation on potential risk of micro-pitting were assessed by investigating probabilistic characteristics of the gear contact stress and lubricant film thickness.
SCADA data analysis and random number generation
The SCADA data of 10-minute average used for this study was recorded over a period of 2.2 years from two operating WTs of megawatt scale in two different onshore wind farms. The WT gearbox has a three-stage design, a DFIG generator with a partially-rated converter and electric pitch-regulation. The gearbox has one planetary gear stage and two parallel gear stages and the HSS gears, pinion (driven) and wheel (driving), are studied in this paper. The recorded SCADA signals of wind speed, generator power output and generator rotational speed are used to analyse the data and to calculate the shaft torque of HSS pinion. The torque ratio of HSS pinion shaft, TR HSS pinion, i and the speed ratio of HSS pinion shaft, SR HSS pinion, i , are determined by using (1) and (2), respectively
where η Gen and η Gear are the efficiency of the generator and gearbox, respectively. The combined efficiency of the generator and gearbox, η = η Gen × η Gear , was estimated from the WT's nominal electrical power rating and rotor power rating, provided by the WT manufacturer.
The datasets of HSS pinion shaft torque and rotational speed, were derived from SCADA data recorded over two years filtered to remove data samples when wind speed was below WT cut-in speed or there was no generator power output or the average or the minimum generator power output within a 10-minute period was zero. Therefore standstill and zero power output conditions have effectively been excluded from the data studied. It is necessary to obtain torque and rotational speed histograms to determine gear flank contact stresses and lubricant film thicknesses for the assessment of the probability of micro-pitting risk. In addition, to explore the future potential application of using SCADA data for online monitoring of failure risk of mechanical components, this study investigates the use of smaller datasets which representing the same statistical characteristics of the SCADA data. The Mersenne Twister (MT) random number generator was proposed by Matsumoto and Nishimura in 1998 [28] as a strong uniform pseudorandom number generator. Thus the MT generator was used in this study to select smaller unique random datasets to represent the probabilistic properties of the SCADA datasets of HSS pinion shaft torque and rotational speed, respectively.
Probabilistic analysis of gear micro-pitting
The micro-pitting analysis is based on ISO/TR 15144-1 (2010) [4] considering important factors and associated parameters that contribute to micro-pitting occurrence. The gear tooth flanks are subjected to varying loading and rotational speed conditions that cause variation of contact stress and lubricant film thickness. Insufficient lubricant film thickness correlates with high contact stresses and high local contact temperatures of gear tooth flank. The variations of these parameters are used to assess the micro-pitting risk as they significantly influence the occurrence of micro-pitting damage. The specific lubricant film thickness, defined as the ratio between the lubricant film thickness and the effective mean surface roughness of gear teeth, are used in this study to assess the probability of micro-pitting failure.
Let x represents the random variable of the specific lubricant film thickness. A lower limit state function, g(x), can be defined as
where n is a known lower boundary (LB) limit value of x, g(x) > 0 denotes the safe region without the probability of micro-pitting failure. The probability of failure, P f , occurs when the random variable x is equal to or less than the limit value n, as shown in (4) and illustrated in Fig. 1 . For illustration, the probability density function of random variable x is represented as the Gaussian distribution. The risk of micro-pitting failure may be reduced by ensuring that the specific lubricant film thickness x is greater than the LB value, n, by reducing the effective mean surface roughness
The probabilistic analysis procedure of WT gear micro-pitting is outlined in the following steps:
1. Use the SCADA data to derive the datasets of HSS gear shaft torque and rotational speed and filter out the data samples when there is no power generation from the WT during starting up or standing still period. 2. Use a suitable random number generator to generate smaller randomly selected datasets of gear shaft torque and rotational speed variations which representing the same statistical properties of the filtered SCADA data. 3. Derive the probability distributions of the HSS gear shaft torque and rotational speed in the form of a histogram. 4. Calculate the HSS gear contact stress and lubricant film thickness as well as other parameters required using the smaller randomly selected datasets. 5. Determine the probability distributions of the variations of the contact stress and lubricant film thickness in the form of a histogram. 6. Using the histogram of a specific parameter, such as the specific lubricant film thickness in this study, identify the failure region resulting in micro-pitting using the LB value recommended by the international standards.
The above probabilistic analysis procedure is used to evaluate gear micro-pitting risk from key parameters considering effects of random variations of gear shaft torque and rotational speed. This procedure can be used for any parameter, such as contact stress or lubricant film thickness, to determine the probabilistic characteristics of the parameter and to identify their contribution to micro-pitting.
Micro-pitting analysis of wind turbine gearbox
This paper investigates the probability of micro-pitting risk of the HSS gear of a three-stage WT gearbox. The gear parameters and material of the HSS pinion gear (driven) and lubricant type used in the calculations are given in Table 1 and more details are provided in [28] . The gear module is defined as the ratio of the pitch diameter divided by the number of teeth of the gear.
The gear contact stress and lubricant film thickness are determined based on Method B as recommended in the Technical Report of Gear Micro-pitting ISO/TR 15144-1 (2010) [4] . The local Hertzian contact stress, P dyn,Y , along the path of contact is determined according to (5) . The local lubricant film thickness, h Y , can be determined by (6) . The subscript Y refers to a specific contact point (A, B, C, D or E) on tooth flank, which will be illustrated in the diagram of results. The torque ratios of 3000 random numbers derived from filtered SCADA generator power and speed are used to calculate the gear transverse tangential load, F t , as shown in (5). The loading factors, K A , K V , K Hβ and K Hα may be determined by considering specific loading conditions and geometrical dimensions of the gears, using recommended values given in the datasheets, according to ISO 6336-1 standard (2006) [26] . The local Hertzian contact stress is used to determine the load parameter, W Y , shown in (6). The speed ratios of 3000 random numbers derived from SCADA generator speed data are used to determine the velocity parameter, U Y , as given in (6) . More details regarding the calculation method can be found in the ISO/TR 15144-1 (2010) [4] and Al-Tubi and Long (2012) [29] 
The specific lubricant film thickness, l GF,Y , is dimensionless and it is defined as the ratio of the lubricant film thickness, h Y and the effective mean surface roughness, R a , of gear teeth, as shown in (7). The micro-pitting safety factor, n, may be defined as the ratio of the minimum specific lubricant film thickness, l GF,min and the permissible lubricant film thickness, l GFP , as shown in (8) l
The contact stress and lubricant film thickness at different locations of tooth flank along the line of action, at points A, B, C, D and E, are calculated. These locations are selected based on the suggestion of ISO/TR 15144-1 (2010) [4] where the maximum load occurs at the region where single tooth pair contact occurs. The maximum sliding between gear teeth occurs in mesh-in, point A and mesh-out, point E because of the radius of relative curvature of gear teeth is the smallest in these regions.
Results and Discussion

Variations of torque and rotational speed using SCADA data
Two different WTs, WT1 and WT2, located at two different onshore wind farms, were selected to illustrate the different wind conditions the WTs being subjected to and its effect on the shaft torque and speed variation. Figs. 2a and b show the histogram of HSS pinion shaft torque ratio of the two WT gearboxes, respectively, the wind distribution of each WT site is also provided. Histograms of rotational speed ratio of the HSS pinion shaft are shown in Fig. 3 . Torque ratio histograms obtained from the filtered SCADA data shown in Figs. 2a and b are compared with that obtained by computational simulation shown in Fig. 2c , reported by Greaves et al. [30] . In their work, the simulations considered all the fatigue load cases defined in the International Standard IEC 61400-1 (2005) [16] , with wind simulations of strong gusts and 3D turbulent wind conditions chosen according to the appropriate WT design standard of IEC 61400-1 (2005) [16] and the Guideline for the certification of WTs by Germanischer Lloyd (2003) [31] . The load case histogram based on computational simulation provides a benchmark to compare with the torque ratio histogram derived from the filtered SCADA data of 2.2 years used in this study.
Figs. 2 and 3 show that WT1 and WT2 have similar probabilistic distributions of HSS pinion shaft torque and rotational speed, and the gearboxes operate at the rated torque and rated rotational speed for most of the time, as expected. The torque ratio histogram of WT1 based on the filtered SCADA data of the 2.2 years period is similar to the simulated load distribution of 25 year's design life based on the suggested load cases by the design standard of IEC 61400-1 (2005) [16] and the Guideline for the certification of WTs by Germanischer Lloyd (2003) [31] using GH Blade software [30] . However, the torque ratio histograms of the filtered SCADA data show occurrences above the rated torque ratio for both WTs, indicating a probability of high loads. Furthermore, the torque ratio histogram of WT1 and WT2 shows a different distribution, confirming that the wind farm and WT location contribute to the Figs. 2a and b , it shows that WT2 may experience higher loads than WT1 because there are occurrences of higher torque ratios in WT2 histogram. To illustrate the variation of generator speed and its effect on the calculated generator torque, as a result of combined wind speed variation and turbine control effects, Fig. 4 shows curves of WT1 generator speed against wind speed, and calculated generator torque against wind speed, using the filtered SCADA data of 2.2 years. The red triangular marks outline the manufacturer's steady-state curves of generator speed and generator torque, respectively. It is clear that there are considerable generator speed variations, especially in the wind speed range of 5 ∼ 11 m/s and up to 15 m/s, scatter data around the steady-state control curve, as shown in Fig. 4a . This is expected from the turbine's power maximisation control in a turbulent wind condition. As a result, the large variation of generator speed causes occurrences of high torque loads in this speed range. The WT manufacturer has confirmed this experience of turbulent wind conditions at these WT sites. It is also in line with the finding of Milan et al., [25] that a stochastic modelling of power curve using 10-min average wind speed values has showed a good statistical agreement with that measured power curve by using high sampling frequency of 1 Hz, including a proper reproduction of the intermittent, gusty features because of turbulent wind fluctuations [25] .
Variations of torque and rotational speed using random numbers
From the filtered SCADA data of WT1, 3000 data samples were randomly selected to represent the variations of HSS pinion shaft torque ratio and rotational speed ratio, respectively, using the MT generator. For comparison, 1000 random numbers of both torque ratio and rotational speed ratio were also generated. The histograms derived from the filtered SCADA data shown in Figs. 2 and 3 can be compared with histograms derived from 3000 random data samples as shown in Fig. 5 . Details of the comparison between the datasets of the SCADA data and the random numbers are given in Table 2 . The datasets of the HSS pinion shaft torque ratio and rotational speed ratio were divided into three ranges of torque ratio and speed ratio, respectively, as shown in Table 2 . This allows the comparison of statistic similarities between the datasets of filtered SCADA data and random numbers. The upper and lower limits of the three ranges have been chosen based on the data distribution similarities in terms of clustering and dispersion. Using clustering the data samples are classified into groups or ranges (clusters) based on the patterns of its statistical distribution, while the dispersion measures the variance of a set of data samples scattering from its mean value. Table 2 shows the corresponding percentages of occurrences of WT1 HSS pinion shaft torque ratio and rotational speed ratio in the chosen three ranges, respectively.
When comparing the filtered SCADA data with 3000 randomly selected data samples, it is clear that the statistical differences in occurrences for both shaft torque ratio and rotational speed ratio are very small for all ratio ranges, as detailed in Table 2 . The datasets of 3000 random numbers have a closer approximation of the filtered SCADA data than that of 1000 random numbers, thus 3000 random numbers will be used in the probability analysis of gear flank micro-pitting in the following sections.
Effect of contact stress variation on gear tooth flank
Using the 3000 randomly selected data samples of HSS pinion shaft torque and rotational speed, the contact stress results at five contact 2 covering a wide spectrum, but with a high probability of occurrence within a narrow range from 1590 to 1625 N/mm 2 . The histograms of contact stresses and HSS pinion torques have similar distributions and are clustered when the shaft torque being at the rated value. As shown in Fig. 6 , the maximum contact stresses occur at point D (below the tooth pitch line), and the minimum values occur at point A (at the tooth tip) because of the load sharing between two pairs of gear teeth in contact. The allowable contact stress for material quality grade ME is 1650 N/ mm 2 , taken from ISO 6336-5 [32] . About 0.23% of contact stress values are higher than the allowable material stress for the total of 3000 random numbers used in the calculation of contact stresses. This small percentage occurs when the turbine operates using power maximisation control in a turbulent wind condition, causing high generator loads, as shown in Fig. 4b .
Effect of local lubricant film thickness variation on gear tooth flank
The calculation of local lubricant film thickness, Fig. 7 , shows that the worst lubrication condition occurs at point E where its value is at the lowest, among all five contact points along the gear contact path. The minimum lubricant film thickness of point E reduces to 0.3 µm. The minimum lubricant film thickness occurs where high contact stress, greater sliding and high local contact temperature happen. The risk of micro-pitting increases greatly where the local lubricant film thickness is small, occurring on the dedendum area of gear tooth. The maximum lubricant film thickness occurs at point A (at the tooth tip) because of much lower contact stress values in this region (Fig. 6) . The stress level of gear tooth flank is a determinant factor of gear micro-pitting initiation; however, the number of stress cycles also contributes to the initiation and progression of micro-pitting. This has been investigated in an experimental study by the authors however this research focuses on the investigation of the effect of statistical variations of loading and speed on gear micro-pitting.
Effect of gear surface roughness on micro-pitting risk
Equation (7) may be used to determine the specific lubricant film thickness if the surface roughness of meshing gears is known. The specific lubricant film thickness can be increased by reducing the surface roughness of meshing gear teeth. WT gears require high accuracy and smooth tooth surface finishing to ensure sufficient load capacity and to achieve required service cycles. Such a smooth surface is one of the most important factors in micro-pitting resistance (IEC 61400-1 [16] and IEC 61400-4 [17]). It is recommended in IEC 61400 that the maximum mean surface roughness for WT HSS gears should be equal to or less than 0.7 µm.
The safety factor against gear micro-pitting may be defined as the ratio between the minimum specific lubricant film thicknesses and the permissible specific lubricant film thickness as given by (8) . Currently there are no recommended values of the required minimum safety factor for WT gearbox applications. However, according to Kissling [33] the range of micro-pitting safety factor is defined by rating the risk at three levels: the high risk, limited risk and low risk, as detailed in Table 3 . Fig. 8 shows the histograms of specific lubricant film thickness at the five contact points using the mean surface roughness value of 0.7 as the maximum value recommended by the IEC. It reveals that all values of specific lubricant film thickness at point E is below the This is an open access article published by the IET under the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/) limit value n ≤ 1.0 indicating a high risk of micro-pitting at this region of gear tooth flank, according to the values defining micro-pitting risk given in Table 3 .
By reducing the maximum mean surface roughness of gear teeth from 0.7 to 0.3 µm a considerable change is shown in the value of specific lubricant film thickness, Fig. 9 . It reveals the spectrum of specific lubricant film thickness variation at point E shifts from <1.0 to higher values thus reduces the probability of failure from the high risk to the limited risk. By reducing the maximum mean surface roughness of gear teeth from 0.7 to 0.3 µm, the probability of micro-pitting risk at point E has significantly reduced, as can be seen by comparing Figs. 8 and 9 .
The high risk of micro-pitting at point E of gear tooth flank is caused by the high torque ratios which cause high contact stresses on the dedendum of gear tooth flank. The combination of high torque and variation of shaft rotational speed also causes low lubricant film thickness and its considerable variation during each gear meshing cycle. It is also worth mentioning that the current study has not considered any gear tooth profile modification such as tip relief and crowning which can help to reduce gear micro-pitting risk.
Conclusions
This study presents a probability analysis of gear tooth flank micro-pitting risk by using recorded SCADA data of WTs in field operation. The 3000 random numbers were selected from the filtered SCADA data to assess the variation of HSS pinion gear tooth contact stress and lubricant film thickness. Based on the results obtained from this study, the following conclusions may be drawn:
1. High torque ratios may occur when the WT operates under turbulent wind conditions while using power maximisation control, causing a great variation of generator speed resulting in high generator torques. 2. The variation of shaft torque and rotational speed contributes to a high risk of gear flank micro-pitting, because of high contact stresses and tooth surface sliding, resulting in low lubricant film thicknesses.
3. Calculation of the specific lubricant film thickness has shown a high micro-pitting risk when the maximum mean roughness of gear teeth of 0.7 µm is used, recommended by IEC 61400. 4. Even with a reduced gear flank surface roughness, up to 0.3 µm, limited risk of micro-pitting still prevails. The high probability of micro-pitting risk is on the gear tooth flank dedendum. Table 3 Micro-pitting safety factor (Kissling, 2012) [33] Factor of safety Risk rating n < 1 high risk 1 ≤ n ≤ 2 limited risk n > 2 low risk 
